The effectiveness of a barbituric acid/copper (II) chloride initiator system in dentin bonding was examined in terms of the effects of barbituric acid structures and dentin conditioners on bond strength.
INTRODUCTION
There has been considerable improvement in dentin bonding systems in recent years. Studies of the newest dentin bonding resins have proved that they have as good or better bonding ability as enamel bonding agents1,2). Dentin bonding has been discussed from several viewpoints: dentin-resin hybrid layer3), elasticity of bonding agent2), adhesion-promoting monomer, etchant, cleanser, conditioner, and primer4-8).
Meanwhile, we have stressed the importance of controlling polymerization at the dentin interface in dentin bonding and proposed the concept of interfacial initiation of polymerization to achieve effective adhesion to dentin and to reduce marginal gap formation and microleakage9-12).
Since polymerization contraction of resin is inevitable and affects bonding, the initial polymerization site and the contraction vectors should be controlled favorably. To cause interfacial initiation of polymerization, an effective initiator system is crucial. The use of redox-type initiator systems containing ferric or copper ions could be a promising approach, as we suggested previously8).
We explored redox-type initiator systems capable of promoting polymerization in cooperation with metal ions. We have found that a barbituric acid/copper salt/chloride ion system is effective in dentin bonding14-16). As one of a series of comprehensive studies to test our interfacial polymerization concept, this study was designed primarily to examine the effectiveness of the barbituric acid initiator system, from the viewpoint of the effects of barbituric acid structures and dentin conditioners on bond strength.
MATERIALS AND METHODS

Materials
Four barbituric acids used ( Fig. 1) were synthesized according to the literature13).
Resins consisted of powder and liquid components: resin powder was prepared by mixing poly (methyl methacrylate) (PMMA) powder* and 2wt% barbituric acid, and the liquid was prepared by dissolving 0.02-0.04wt%
CuCl2 and 5wt% 2-hydroxyethyl methacrylate (HEMA) into methyl methacrylate (MMA). HEMA was used to dissolve CuCl2 in MMA.
Conditioner
The dentin conditioners used are shown in Table 1 .
Measurement of curing time of resin
The resin powder and the liquid at the ratio of 1.25 were mixed for 30s. Then 140mg of the mixture was wrapped in a polyethylene sheet. Curing time was determined from the time of mixing until no trace of nail was detected. The measurements were made in triplicate.
Measurement of bond strength
The method was practically the same as that described in a previous paper10). The labial The effects of conditioner and concentration of BMB on tensile bond strength to dentin are shown in Table 3 . A two-way ANOVA showed that conditioner, BMB concentration, and their interaction had significant effects on bond strength (p<0.019, p<0.0344, and p< 0.004, respectively).
Fisher's PLSD test was used to compare the significance of differences among the mean values ( Table 4 ). The phosphoric acid conditioner containing CuCl2 (10P-3Cu) produced the highest mean bond strengths (8.94-11.00MPa).
The phosphoric acid based Table 3 Effects of canditioner and BMB concentration on tensile bond strength of MMA/PMMA resin1 to dentin treated with various conditioners 1 Liquid: 0.02% CuCl2, 0.5-2% 5-butyl-1-methylbarbituric acid (BMB), 5% HEMA in MMA/powder: PMMA conditioners tended to produce higher bond strengths than those based on citric acid. The effects of the conditioner on collagen swelling ratio and curing time of MMA/ EGDMA resin are shown in Table 5 . A one-way ANOVA showed that the conditioners had a significant effect on swelling (p<0.0015).
Conditioning with the acids swelled the collagen significantly.
Fisher's PLSD test revealed that 10C-3Fe conditioning yielded a significantly lower swelling ratio than other conditioners (p<0.05).
Curing time with 10C conditioning was over 60min, while those with other conditionings were within the range of 12.5-14.9min.
DISCUSSION
It has been reported that the efficiency of barbituric acids in initiating polymerization of MMA varies widely depending on their structures13).
In this study also, curing time depended significantly (p<0.0011) on the structures of barbituric acids: 1-cyclohexyl-5-ethyl and 1-methyl-5-propyl derivatives showed the longest and the shortest curing time, respectively. Curing time decreased significantly (p<0.0001) with an increase in the concentration of copper (II) chloride from 0.02% to 0.04%. Barbituric acids and concentrations of copper (II) chloride had no significant effects on bond strength to dentin treated with 10C-3Cu. The bond strengths were within 4.20-7.85MPa.
The 10C-3Cu conditioner was used in this series of experiments, because it had been reported to be most effective16), but it produced comparatively low bond strengths ( Table 4) .
The SEM observations revealed that the samples with bond strengths higher than about 5MPa usually fractured within the resin (Fig. 2a) . The samples with bond strengths lower than about 4MPa fractured within the resin just above the resin-dentin interface (Fig. 2b) . A possible explanation of this cohesive failure at lower bond strengths involves copper chloride adsorbed on the dentin surface from 10C-3Cu conditioner, which can be expected to promote polymerization at the dentin interface. This will be understood from Table 2 , indicating that curing time decreased with an increase in CuCl2 concentration.
The adsorbed copper salt may cause interfacial initiation of polymerization and contribute to improving bond strength.
However, fast polymerization may also cause a decrease in the molecular weight of the polymer, which usually results in reduced mechanical strength.
A barbituric acid initiator system needs copper and chloride ions. In this experiment, copper (II) chloride was used as the source of those ions. Moreover, promotion of interfacial polymerization was expected because of the copper chloride adsorbed on the dentin surface from 10C-3Cu conditioner.
Therefore, the concentration of CuCl2 at the interface should be higher than that within the resin. The increase of CuCl2 concentration promotes not only polymerization (Table 2 ) but also a chain transfer reaction.
Promotion of these reactions usually results in a decrease in molecular weight and, consequently, decreased mechanical strength.
Thus, lower mechanical strength at the interface explains the comparatively low bond strengths. These speculations seem to be justified by the data in Fig. 2b . The SEM indicated a pattern of cohesive failure of resin at a low bond strength of 1.3MPa just above the dentin interface.
When the interfacial polymerization is too fast, mechanical strength at the interface will be reduced.
On the other hand, when it is slow, polymerization shrinkage will reduce the bond strength.
Therefore, so long as the mechanical strength of the resin at the interface is adequate, faster interfacial polymerization is desirable; it results in an adequate interfacial polymerization rate. In the present case, interfacial polymerization did not seem to operate effectively. The particles observed in SEM (Fig. 2a) were probably resin particles originating from the barbituric acid particles which were mixed in the PMMA powder. When a barbituric acid particle comes in contact with an MMA monomer containing copper chloride, the surface of the particle will dissolve partially, and the concentration of barbituric acid will increase locally around the particles.
Polymerization with barbituric acid/copper (II) chloride systems is very rapid. Therefore, barbituric acid partially dissolved on or around its particles will react quickly with the copper salt and rapidly form free radicals.
Thus, the barbituric acid particle may constitute a polymerization core, producing the resin particle observed. The mechanical strength of resin around the particles may be low, because polymerization there will be fast, and fracture may occur around the particles in tensile bond testing due to the low molecular weight of the polymer formed there. This particle formation can be avoided by dissolving barbituric acid in resin liquid. This assumption was verified by an experiment in which barbituric acid was dissolved in MMA; no particles were found (Fig. 2c) . To avoid the complexity of particle formation, the experiment for Table 3 was done with this system. BMB having higher solubility in MMA was selected for this series of experiments.
The conditioners had a significant effect on bond strength. Mean bond strength was increased from roughly 2.5MPa to 11.0MPa by using the conditioners in the order 10C<10C-3Cu<10P-3Fe, 10C-3Fe, 10P<10P-3Cu. While 10P alone was effective (approximately 9 MPa), 10C was least effective (roughly 2.5MPa).
However, addition of FeCl3 to 10C
improved the bond strength to about 8.5MPa. The optimal metal salt effective for bonding appeared to depend on the type of acid: combinations of CuCl2 and phosphoric acid, as well as FeCl3 and citric acid, gave favorable results.
In an effort to understand the different behavior of 10C and 10P conditioners in dentin bonding, a DSC study was designed using a model system based on the interfacial initiation mechanism.
As a model of conditioned dentin, collagen powder was treated with the conditioners.
EGDMA was added instead of PMMA to adjust the polymerization rate for experimental convenience.
Before the DSC study, the effect of the conditioners on swelling of collagen was examined, since the amount of water contained in the collagen may affect polymerization or curing time. The 10C-3Fe conditioner inhibited this swelling most strongly. The concept of ferric chloride mordant solution has been proposed17) and assumed18) as a possible means and explanation for improving adhesion between resin and dentin. Although little quantitative data has emerged so far, the present result confirmed the mordant effect of ferric chloride quantitatively.
However, comparison of Tables 4 and 5 revealed that there was no direct correlation between collagen swelling and either curing time or the bond strength. In other words, the collagen stabilizing effect of the metal salt, which had been assumed to be a primary function of the ferric salt in 4-META/MMA-TBB resin bonding system18), would only be among a number of possible factors in dentin bonding. While 10C conditioning retarded polymerization, the other conditionings yielded curing times almost the same as those of the control group. Therefore, no clear correlation between curing time and bond strength was demonstrated.
However, the retardative effect of 10C appears to provide a possible explanation for the extremely low bond strength to dentin conditioned with it. The reasons for the effectiveness of 10P used alone require further investigation.
The bond strength of about 11MPa obtained with the barbituric acid/CuCl2 system under optimal conditions was comparable to that of 9.3-11.0MPa reported for TBB-initiated MMA resin9,10,12) The TBB system is one of the most effective bonding systems available today.
Therefore, it might be concluded that the barbituric acid/CuCl2-initiated MMA resin is very effective in bonding to dentin, as we expected based on our interfacial polymerization concept.
CONCLUSION
The effectiveness of a barbituric acid/copper (II) chloride initiator system in dentin bonding was examined from the viewpoint of the effects of barbituric acid structures and dentin conditioners on bond strength. No significant effects of barbituric acid structures or concentrations of copper (II) chloride were observed on bond strength to dentin treated with 10C-3Cu. Dentin conditioners had a significant effect on bond strength.
Mean bond strength increased from roughly 2.5MPa to 11.0MPa by using the conditioners in the order 10C<10C-3Cu<10P-3Fe, 10C-3Fe, 10P<10P-3Cu. The bond strength of about 11MPa obtained with the barbituric acid/CuCl2 system under optimal conditions was comparable with that of TBB-initiated MMA resin. Therefore, it might be concluded that this initiator system is very effective in bonding to dentin.
